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Abstract 

Thiomer-based nanomedicines provide a diverse approach to delivering ophthalmic drugs and controlling problems. 
The review digs into the development, characterization, and use of thiomer and modified thiomer-based nanomedi-
cines. It emphasizes their biocompatibility, which ensures that they are safe to use in the body. It also emphasizes 
their mucoadhesive characteristics, which assist the drug stick to the mucosal surfaces of the eye, therefore increas-
ing efficacy. The study also emphasizes the possibility of higher medication bioavailability, which means that more 
of the medicine will reach and influence the target region of the eye. This holistic strategy is intended to improve 
eye treatment outcomes. It examines the anatomy of the eye, the categorization of ocular diseases, and the chal-
lenges faced by existing drug delivery techniques. The review centres on the advancement and therapeutic potential 
of thiomer-based nanomedicines for the treatment of various eye conditions, such as glaucoma, diabetic retinopathy, 
and age-related macular degeneration. It describes the steps involved in developing and evaluating these nanomedi-
cines, with a focus on their safety and efficacy as determined by toxicological, preclinical, and clinical assessments. 
Furthermore, the paper covers the regulatory requirements for the approval and use of these novel therapies. Future 
opportunities for thiomer-based nanomedicines are discussed, as well as potential problems such as manufacturing 
scalability and assuring consistent treatment effects. The goal is to improve the delivery and efficacy of medicines 
for these critical eye disorders, therefore enhancing patient care and quality of life.
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Introduction
Ocular disorders directly affect human’s vision and stand-
ard of living. According to a survey performed within 39 
countries, 285 million individuals are visually impaired, 

82% of blind patients are over 50, with 65% being over 
age of 50 [1]. Major progress has been assembled in 
our understanding of ocular pathogenic mechanisms 
and disorder therapy. However, on behalf of the unique 
physiological barriers and anatomical characteristics of 
the human eye, diagnosis and treatment of these com-
plication may be inefficient and lacking precision. Rarely 
can the present treatment approaches identify serious 
eye illnesses early on or fully restore vision loss [2]. As 
a result, great focus is being paid to the development of 
better eye illness diagnoses and treatments. The aetiol-
ogy of vision loss is complex, and the main disorders 
that contribute to this widespread problem include dia-
betic retinopathy (DR), cataracts, glaucoma, age-related 
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macular degeneration (AMD), and retinal vein occlusion 
[3]. Complete blindness may result from these conditions 
if proper therapy is not received. Pharmaceutical com-
panies have made great progress in developing a range 
of preventative, therapeutic, and rehabilitation strate-
gies that have improved the efficacy of authorised inter-
ventions for eye disorders; however, these strategies are 
rarely enough to totally eradicate these conditions.

Nanomedicine is a form of sustainable nanotechnology 
to the realm of medicine [4]. It takes use of the dynamic 
physical, chemical, and biological properties of materi-
als at the nanoscale as opposed to those at the macro or 
nano-scale. Nanomedicine has the potential to signifi-
cantly improve sickness prevention, early and accurate 
diagnosis, and treatment in the next decades. Moreover, 
the nanomedicine has the ability to improve medication 
penetration across ocular barriers, boost hydrophobic 
drug solubility in aqueous solution, and even target tis-
sues and cells. A diversity of nanomedicines, such as 
liposomes [5–8], polymeric nanoparticles (NPs) [9–12], 
micelles [13], and dendrimers [14], have been formulated 
to transport pharmaceuticals into the eye [15] (Fig. 1).

The human eye, a complex and delicate organ, is 
shielded by numerous barriers to protect the visual axis 
from infections and inflammations. However, the unique 
structure of eye create significant obstacles for ocular 
drug administration’s [16]. To get through these barriers, 
nontechnology based delivery systems, which offer an 
alternative of conventional drug delivery system required 
to exhibit features and capabilities, including mucoadhe-
sive [17], protective activity [18], improved solubility [19], 
tissue or organ targeting [20], permeation [21], uptake 
enhancing [22], and drug release controlling properties 
[23]. The origin of polymers into the drug delivery sec-
tor has resulted in the development of several innovative 
delivery methods that can meet the necessary character-
istics listed above while having an advantage over other 
preparations in terms of acceptability and comfort [24]. 
The most common causes of inadequate absorption, after 
administration to eye are decreased membrane penetra-
tion and enzymatic breakdown. Utilising mucoadhesive 
polymers may therefore be a useful tactic that has already 
attracted a lot of attention for improving bioavailability. 
A mucoadhesive drug delivery system is a system that 
uses polymers to bind with mucus and deliver drugs to 
the targeted site [25]. General polymers’ mucoadhesive 
qualities are ineffective, since they only develop a weak, 
non-covalent connections with the mucosal surface. In 
several attempts to enhance mucoadhesion, the conju-
gation of unmodified polymers with thiol groups proved 
to be a successful strategy. Mucoadhesive polymers with 
thiol-bearing side chains, known as thiomers, mimic 
the natural process of mucus glycoprotein formation by 

creating strong disulphide bonds with the mucin layer. 
As a result, thiomers can target a wide range of mucosal 
surfaces, including the gastrointestinal, pulmonary, oro-
pharyngeal, ocular, buccal, nasal, vaginal, and rectal [25]. 
This review briefly provides the prospective of native and 
modified thiomers for effective nanomedicine admin-
istration. Concurrently, an overview of ocular compli-
cations and their related mechanisms, as well as a brief 
on mechanism and function of thiomers, i.e., improved 
thiomer characteristics and their treatment in ocular 
complications have been presented to fulfil the gap in 
knowledge.

Anatomy of eye and its protection mechanism
The eye, prominent advanced sense organs in the human 
body, is what gives us our eyesight. The typical human 
eye has a width of 69 to 85  mm and an axial length of 
22 to 27 mm with an estimated total volume of 6.5–7 mL 
[26]. It possesses distinguishing characteristics, such as 
its particular anatomy and physiology, and serves a spe-
cific role. The six muscles that support their mobility 
hold the human eyeballs in place as they are situated in 
the eye socket in pairs. Anatomically, the eye is branched 
into anterior and posterior segments, which respectively 
include one-third and two-thirds of the ocular frame-
work. The anterior segment contains the tear, cornea, 
conjunctiva, anterior and posterior chamber, iris, cili-
ary body, lens, and aqueous humour whereas the poste-
rior segment includes the sclera, choroid, retina, Bruch’s 
membrane, vitreous humour, optic nerve, and retinal 
blood vessels. Figure 2 illustrates how the unique archi-
tecture of the eye and barrier poses complications for 
medication delivery.

Barriers of the anterior segment
Tear film barrier
Drug distribution is hampered by the tear film that 
develops on the surface of the eye, and the effective-
ness of medications too due to dilution and drainage 
through the nasolacrimal system. The tear film com-
posed of three layers: an exterior lipid layer, a middle 
aqueous layer, and an interior mucous layer. The outer 
lipid layer prevents water evaporation and hinders 
medication absorption into the cornea and sclera [27]. 
However, the mucous layer in the tear film works as a 
hydrophilic barrier that effectively eliminates germs 
and debris. Because of the lacrimal turnover rate of 
1–3 µL/min [28], causing drug loss from ocular surface 
to be 500–700 times greater than the drug absorption 
rate into the anterior chamber [29]. Lacrimation can 
occur due to irritant medications, specific excipients, 
and pH changes, which raise tear production to around 
300  mL per minute [29]. Over 85% of the medicine 
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dosage is lost before it reaches the corneal surface as a 
result of this fast increase, which causes rapid drainage 
through the nasolacrimal duct. Rapid tear turnover can 
also cause further dilution of the retained medication, 
which lowers the diffusion rate and concentration gra-
dient. As a result, intraocular medications demonstrate 
a low bioavailability in the aqueous humour, which 
leads in poor drug absorption when applied topically, 
usually between 0.1% to 5% [30].

Cornea and conjunctival barrier
The cornea, the transparent rearmost layer of the eye’s 
avascular structure, serves an important refractive and 
barrier function. In addition to two interfaces, the Bow-
man layer and Descemet’s membrane, which is composed 
of three cell layers: the lipophilic epithelium, the hydro-
philic stroma, and the lipophilic endothelium. Whereas 
the corneal epithelium, consisting of five to seven lipid-
rich cell layers with tight junctions and desmosomes, 

Fig. 1  Diagrammatic representation of various ocular delivery techniques based on nanotechnology



Page 4 of 24Basu et al. Biotechnology for Sustainable Materials             (2025) 2:4 

provides a robust barrier that prevents both microbial 
invasion and medication penetration [29]. In contrast 
to the cornea, conjunctival capillaries and the lymphatic 
system limit medicine absorption via conjunctiva, result-
ing in drug outflow into the circulation and decrease bio-
availability. Hydrophilic molecules cannot move passively 
due to the strong connections of the conjunctival epithe-
lium. Recent study suggests an inverse link between med-
icine diffuse via the sclera and molecular length [31].

Blood aqueous barrier  The blood-aqueous barrier (BAB) 
is produced by the tight junctions between the inner wall 
endothelium of Schlemm’s canal, endothelial cells in the 

iris vasculature, and the non-pigmented epithelium of the 
ciliary process. Paracellular transport governs the flow of 
ions and other small materials between adjoining cells. 
Thus, the BAB acts as a specialized doorway for regulated 
molecular transport rather than being impenetrable [32].

Barriers of the posterior segment
Vitreal barrier
The vitreous is a transparent, gel-like substance that fills 
the space between the retina and the lens. It is mostly com-
posed of water, hyaluronic acid, collagen types II, IX, V/
XI, and other components of the extracellular matrix.The 
diffusion ability of the vitreal network may be blocked by 

Fig. 2  Diagrammatic model of the ocular anatomy and the physiological barriers to ocular medication
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positively charged nanomaterials that interact with its neg-
atively charged components, whereas negatively charged 
particles, such as human serum albumin or polylactic-co-
glycolic acid (PLGA), can effectively spread throughout the 
vitreous humour [33].

Blood‑retinal barrier
The two primary barriers that comprise the blood–ocular 
barrier (BOB) system is the blood–retinal barrier (BRB) 
and the BAB. Highly selective, the BRB controls the move-
ment of water, proteins, and ions into and out of the retina. 
The inner BRB (iBRB), which is made up of tight connec-
tions between retinal capillary endothelial cells, and the 
outer BRB (oBRB), which consists of the choroid, Bruch’s 
membrane [34], and retinal pigment epithelium [35], are its 
two components [36]. The suprachoroid, the layers of big 
and medium blood vessels, and the choriocapillaris make 
up the choroid’s outermost layer. The choriocapillaris con-
tribute to the elimination of waste from the exterior layers 
of the retina and the provision of nutrients.

Sclera and bruch’s—choroid complex barrier
The choroid, a highly vascularized barrier, separates the 
retinal pigment epithelium from the sclera. It is composed 
of five distinct layers, with a thickness of around 200 µm: 
Bruch’s membrane, two vascular layers, the choriocapillaris 
layer, and the suprachoroidal layer [28]. The choroid repels 
hydrophilic substances but positively charged lipophilic 
medicines can adhere to the tissue and create poor-release 
depots. The shape of a drug’s molecules influences how 
readily it diffuses into the posterior eye segment.

Classification of the ocular disease and associated 
mechanisms
Ocular diseases are broad pathological conditions of the 
eyes and structures related to them resulting in loss of 
vision or vision impairment if left untreated. In general, 
diseases of the eye may broadly be classified according to 
the anatomical component affected-thus corneal, retinal, 
lens, or optic nerve diseases-or classified according to pre-
disposing factors, such as inherited, infectious, inflamma-
tory, degenerative, or traumatic causes. Table 1 providing 
an overview of common ocular diseases:

Challenges faced during conventional drug 
delivery in management of ocular complication
Topical, regional, and systemic administration routes are 
the most common modes of ocular medication delivery. 
Topical administration includes solutions, gels, oint-
ments, and suspensions, is the most widely recognized 
and cost-effective technique for treating anterior segment 
eye problems. However, lacrimation, tear dilution, and 
tear turnover cause less than 5% of the injected amount 

to enter the aqueous humor [42]. Regional administration 
entails injecting the formulation intraocularly or periocu-
larly to reduce systemic adverse effects while improving 
medication transmission to targeted tissues [43]. Intraca-
meral administration, which includes direct injection into 
the anterior chamber, is most frequently utilized in cata-
ract surgery for the treatment of anterior segment disor-
ders. Intravitreal injection has been used to treat AMD, 
diabetic macular edema (DME), retinal vein occlusion 
(RVO), and endophthalmitis for over 20 years. Although 
intravitreal injection allows for direct administration of 
medications to the posterior region, multiple eye punc-
tures may raise the chance of developing problems such 
as endophthalmitis, hemorrhage, retinal detachment, and 
patient discomfort [44]. Some other intraocular injection 
routes include intrastromal, subconjunctival, subretinal, 
and sub choroidal routes. Other injection techniques in 
the periorbital route include a wide variety of techniques 
for local anesthesia of the eye during ophthalmic surgery, 
including the retrobulbar, peribulbar, posterior juxta scle-
ral, and subtenon injection. Figure 3 demonstrating vari-
ous methods of ocular injection.

Systemic modes of delivery include intravenous and 
oral routes, such as providing antibiotics for endoph-
thalmitis, carbonic anhydrase inhibitors for intraocular 
pressure control, and methotrexate and corticosteroids 
for treating uveitis [44]. Nevertheless, as previously men-
tioned, BAB and BRB limits access to segments of the eye, 
thereby limiting bioavailability from systemic administra-
tion. This is often higher than what is required for clinical 
efficacy and can lead to systemic side effects. Apart from 
this, plasma protein binding, lipophilicity, and distribu-
tion clearance are other characteristics that may interfere 
with accurate therapeutic concentration prediction [46]. 
Table 2 summarizes several routes of ocular drug delivery 
and their therapeutic applications, as well as their bio-
availability benefits and drawbacks. Figure  4 shows the 
mechanism of drug metabolism [47].

Thiomer and modified thiomer
Thiolated polymers, commonly known as thiomers, have 
spawned numerous new areas of polymer-based ther-
apy [52]. Macromolecules exhibiting free thiol groups 
on their polymer backbone are called thiomers or thi-
olated polymers. These thiomers can arise when sulf-
hydryl-bearing compounds are immobilised onto the 
backbone of well-developed polymeric excipients such 
chitosan [53–56] and poly(acrylates) [57] as presented 
in Fig.  5. The development of inter- and intramolecu-
lar disulfide bonds imparts strong cohesive qualities to 
thiomers, resulting to considerably enhanced stabil-
ity and, as a result, longer disintegration durations and 
drug release from diverse dosage forms such as tablets, 
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micro particles, and gels [58].The benefits of thiomers 
over unmodified polymers include improved mucoadhe-
sion and suppression of enzymes and efflux. Thiolated 
polymers or native thiomers demonstrate the potential to 
address a number of significant challenges in the appli-
cation of macromolecules as therapeutic agents, such as 
shortcomings in terms of effectiveness, safety, and pre-
cise delivery methods [59]. Pros and cons of thiolated 
polymers is presented in Table 3.

Mechanism of action and its properties
The use of mucoadhesive polymers for better distribu-
tion has been regarded as a novel strategy with broad 
acceptability [25]. Despite their many impressive prop-
erties, these systems have drawbacks such as relatively 
poor mucoadhesion (due to the existence of non-
covalent bonds like as hydrogen bonds, Vander Waal’s 
forces, and ionic contacts), which results in modest 
drug localization at targeted areas [60]. Many improve-
ments have been made since then to the adhesive char-
acteristics. The technique of immobilizing thiol groups 
onto the unmodified polymer has demonstrated signifi-
cant improvement in mucoadhesive properties, imply-
ing its potential as an efficient excipient for diverse 
drug delivery systems. These have exceptional mucoad-
hesion properties due to formation of disulphide bonds 

with the mucus gel layer, which are comparable to the 
kind of connections that biological glycoproteins form 
with the mucosa of the epithelium. Moreover, the oxi-
dation of free thiol groups or thiol/disulfide exchange 
events between thiomers and cysteine-rich subdomains 
of the mucin layer result in the formation of disulphide 
bonds (covalent interactions) [61] (Fig. 6). Table 4 pre-
sents a quick comparison of thiolated and non-thi-
olated systems.

Parameters influencing thiomer properties
Thiol group immobilization
The degree of intra- and inter-disulfide bond forma-
tion is strongly linked to in  situ thiomer crosslinking. 
Both the cohesive and adhesive properties are greatly 
enhanced by this type of crosslinking. Covalent links, 
also known as disulphide bonds that occur at both 
inside the polymer and between the polymer and 
mucus, which may explain these phenomena. Ellman’s 
reagent is applied spectrophotometrically to quantify 
the thiol content because it has a better selectivity for 
free thiol groups [60].

Fig. 3  Illustrations demonstrating various methods of ocular injection. Reproduce with permission from [45] under CCBY 3.0
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Swelling index
The thiomers’ swelling behaviour significantly affects 
their stability and adhesion. Swellability is mostly 
determined by the degree of interdiffusion between 
the polymer and the mucin layer. Polymers’ ability to 
absorb water is enhanced by thiomerization, which also 
increases mucoadhesion and stability (cohesive strength). 
These characteristics, when combined with disulphide 
bonds demonstrate improvement in viscosity that pro-
vide its prolonged presence at mucosal surfaces [62].

pH and ionic character
Ionic strength and pH have no effect on disulphide 
bonds, yet they are the only factors that impact their 
formation. The oxidation of free thiol groups at physi-
ological pH serves as the cornerstone of the whole thi-
omer process, also known as in situ cross linking. At pH 
5, free thiol moieties are very susceptible to oxidation. 
Therefore, thiomer synthesis are performed at a lower 
pH to avoid or limit the production of undesired disul-
phide bonds. Furthermore, due to presence of unique 
cellular structural rearrangement, the presence of cati-
onic charges on the polymer allows for large interaction 
with the negatively charged mucin, further enhancing 
mucoadhesion and boosting penetration [63].

Classification
Several drugs have used with thiomers as an appropriate 
carrier with the goal of activating on different mucosal 
tissues because of their exceptional qualities. Mucoad-
hesive polymers including chitosan, polyacrylic acid, 
polycarbophil, carboxymethyl-cellulose, hydroxymethyl 
cellulose, and hydroxyethyl cellulose have been modi-
fied by immobilizing thiol conjugates such as cysteine, 
cysteamine, thiourea, and glutathione [64]. The following 
sections present different classification of thiomers:

Cationic thiomer
Due to their great attraction to negatively charged 
mucin, cationic polymers are frequently used in 
mucoadhesion applications. Chitosan’s mucoadhesive 
action is greatly increased in the presence of abundant 
mucin at neutral or slightly alkaline pH. Because of its 
advantageous qualities as a mucoadhesive, controlled 
release, and permeation-enhancing polymer, chitosan 
has drawn significant attention in pharmaceutical sci-
ence. Generally, the main amino group on the glu-
cosamine subunits of chitosan is the main target for 
thiol conjugate immobilisation or anchoring as pre-
sented in Fig. 7. When thiol conjugates are inactive, the 

Fig. 4  Diagrammatic representation of ocular pharmacokinetics. Drugs can enter and exit the eye in a number of ways, including drug absorption 
through tears in the cornea [1], drug absorption through the sclera and conjunctiva [2], drug distribution from the bloodstream to the anterior 
segment through BAB [3], and drug elimination through the trabecular meshwork and Schlemm’s canal [4] and from the aqueous humor 
across the BAB [5]. Moreover, drugs can be directly injected straight into the vitreous [6] or enter the posterior part of the eye through the BRB [7]. 
Finally, drugs can be eliminated from the vitreous via both posterior [8] and anterior routes [9]. (Solid arrows: entering route; Dotted arrows: route 
of elimination)
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carboxylic group covalently forms amide bonds with 
the amino group [64]. Moreover, cationic thiomers are 
often favoured to contain thiol moieties such cysteine, 
thioglycolic acid, and 4-thio-butyl-amidine [61].

Anionic thiomer
The carboxylic groups of anionic polymers provide a con-
jugating site for thiol moieties through the production of 
amide bonds (initiated by carbodiimides) as presented 
in Fig.  8. Cysteine, homocysteine, and cysteamine are 

Fig. 5  Thiolated polymers (Thiomers) that may undergo further reactions on the -SH groups delivery

Table 3  Pros and cons of thiolated polymers

Pros Cons

The formation of disulphide bonds is independent of ionic strength and pH At higher pH values, the cationic thiomer chitosan exhibits precipitation

Provide a large buffer capacity Incompatibility with oppositely charged ionic medications

Have exceptional qualities such as mucoadhesion, cohesiveness, and pen-
etration

Unintentional medication release that depends on pH

Provide options for different dose types and administration methods Ionic repulsion causes poor cross-linking within the thiomer (in case 
of ionic polymer)
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three sulfhydryl ligands that are often used for anionic 
thiomers [64]. When compared to the unaltered form, 
the thiomerization of alginate with the sulfhydryl com-
pound cysteine exhibits superior cohesion, adhesion, sta-
bility, and controlled release capabilities. Carbodiimide 

is added to alginate to activate its carboxylic acid moi-
eties, after which it interacted with the amino group of 
L-cysteine in an acidic environment. As a result, the pri-
mary amino group of the thiol moiety and the carboxylic 
group of the polymer form an amide link, or covalent 

Fig. 6  Thiomer exhibiting inter and intra disulfide bond formation groups delivery

Table 4  Comparison of non-thiolated and thiolated system

(Non-Thiolated) Mucoadhesive Polymer Thiomer

Attachment by non-covalent connections to mucosal tissues Strong covalent disulphide linkages bind the thiomer to the mucosa

Display remarkably strong mucoadhesion Show a remarkable increase in cohesion and adhesion (caused by intra 
and inter crosslinking)

Several variables, including pH, temperature, and ions, can cause 
in situ gelation

The pH of the surrounding environment typically initiates the sol–gel transition

Fig. 7  Thiomerization of Chitosan (CH) with cysteine (CYS)
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coupling [65]. Although hyaluronic acid (HA), a natu-
rally occurring macromolecular polysaccharide, is being 
used as a possible drug delivery vehicle, its effectiveness 
in formulations with extended release is diminished by 
its quick enzymatic breakdown. Chemically modified HA 
has gained widespread acceptance as a viable solution 
to effectively address this issue by cross-linking it with 
L-cysteine’s ethyl ester. Thus, due to the formation of 
in situ disulphide bonds, this novel system demonstrated 
a notable improvement in mucoadhesion with sustained 
release properties. The capacity to generate inter- and/
or intra-molecular disulphide bonds enhance a number 
of desirable properties of the polymer, was demonstrated 
by a number of delivery systems based on cysteine conju-
gates of different anionic polymers, such as poly(acrylic) 
acid, polycarbophil, and CMC [66].

Non‑ionic thiomer
Thiomers often exhibit a charged groups on their back-
bone that are either cationic or anionic. Their flexibility 
is limited by their ionic nature, despite their impressive 
functional qualities. Ionic thiomers are frequently linked 
to drawbacks that restrict their wide range of applica-
tions, such as poor cross-linking, pH-dependent drug 
release, and incompatibility with oppositely charged 
pharmaceuticals [67] (Table 5). Thiomers based on non-
ionizable polymers, such as polyethylene glycol and 
hydroxyl ethyl cellulose (HEC), have been notion to be 

the natural option since they provide a wide range of vis-
cosity grades along with desired characteristics including 
chemical stability, biodegradability, and biocompatibil-
ity Fig.  9. By first opening the polymer’s rings and then 
tethering cysteamine, a novel thiolated polymer based 
on HEC can be produced. Thus, the unmodified poly-
saccharide originally transformed into an aldehyde form 
as a result of proximal hydroxyl group oxidation, caus-
ing the ring to expand. By reductive amination, the non-
ionic polymer changed into a cationic form that readily 
conjugates with the cysteamine amine ligand. The disad-
vantages of chitosan thiomers, such as reduced solubil-
ity at higher pH ranges (pH > 6), may be lessened by this 
intriguing conjugate with a positive charge [68].

Pre‑activated thiomer
Pre-activated thiomer, a new thiomeric system that 
improves thiomer stability against unintentional oxidation, 
was recently reported. This method produces products 
with remarkably high stability by immobilising well-known 
polymers on thiomers via disulphide linkage Fig. 10. Thi-
omers are sometimes also known as "S-protected thiom-
ers" since they stabilised on addition of certain groups via 
disulphide bonds [86]. By oxidatively combining PAA-cys 
with 2-mercaptonicotinic acid (2MNA), the preactivated 
thiomer known as poly(acrylic acid)-cysteine-2-mer-
captonicotinic acid (PAAcys-2MNA) has been reported. 
Compared to the unaltered and thiolated polymers, the 

Fig. 8  Thiomerization of alginate (ALG) with EDAC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide)
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resulting conjugates showed much greater swelling and 
mucoadhesion. Furthermore, the cytotoxicity experiment 
verified that these pre-activated polymers demonstrated 
significantly acceptable cell viability [87].

Similarly, 6-(2-acryloylamino-ethyldisulfanyl)-nico-
tinic acid was copolymerised with acrylic acid to enable 
the derivation of another new thiomer. The sodium fluo-
rescein level and permeation enhancement ratio were 
both better with the synthesised pre-activated thiomer. 

These modified polymers did not exhibit any discernible 
toxicity in the Resazurin cell-viability test [88].

Functions of thiomers
Mucoadhesive properties
Thiomers have the advantage of developing the covalent 
bonds between cysteine-rich subdomains of the mucus 
gel layer and their sulfhydryl residues by forming a 
disulphide bridges, which are based on thiol/disulfide 
exchange reactions and/or straightforward oxidation 
processes, because these forces are known to be weak 
[64]. The mucoadhesive capabilities of polymers con-
taining sulfhydryl-bearing ligands can be up to 140 
times greater than those of unmodified polymers due 
to presence of these strong covalent interactions [89]. 
In another study mucoadhesive thiomeric chitosan NPs 
showed a twofold increase in mucoadhesion, compared 
to non-thiolated vancomycin. Moreover, in  vivo anti-
inflammatory results and histopathology demonstrated 
enhanced healing, suggesting thiomeric chitosan NPs 
as a promising drug delivering carrier system for ocular 
delivery of medicament [90].

Cohesive properties
In situ gelling characteristics are demonstrated by both 
cationic and anionic thiomers by self-crosslinking at 
physiological pH [91]. When the thiomers come into 
contact with physiological fluids, the formation of 
intra- and intermolecular disulphide bonds at the cost 
of unreacted thiol groups greatly improves the gels’ vis-
coelastic characteristics [66].

Table 5  Polymeric drug delivery after conjugation with thiol moieties

Charge Polymer Thiol moiety Drug loaded Route Ref

Cationic Chitosan/Glycol chitosan 3Mercapto-propionamide
Mercaptopropionic acid
TBA
N-acetyl cysteine
TGA​
TGA​

Dexamethasone
Ciprofloxacin
Acyclovir
Tobramycin
Clotrimazole
Calcitonin

Ocular
Dermal
Oral
Oral
Vaginal
Pulmonary

 [69]
 [70]
 [71]
 [72]
 [73]
 [74]

Anionic Poly (acrylic acid)/Carboxy methyl 
cellulose/Polycarbophil

Cysteine
Cysteine
Cysteine
Cysteine
Cysteine
Cysteine and cysteamine
Cysteine
Cysteine
Cysteine

Diclofenac Sodium
Econazole & Miconazole
Bromelain
vit B12
Paclitaxel
Nystatin
Bacitracin
Leu-enkephalin
Heparin

Ocular
Vaginal
Oral
Oral
Oral
Vaginal
Oral
Nasal
Oral

 [75]
 [76]
 [77]
 [78]
 [79]
 [80]
 [81]
 [82]
 [83]

Non-ionic PEG Cysteine Mercapto-succinic acid Cyclosporine A
Pilocarpine

Ocular
Ocular

 [84]
 [85]

Fig. 9  Thiomerization of HEC with thiourea (CS(NH2)2) carbodiimide)
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Protective properties
The enzymatic barrier is one of the most difficult obsta-
cles to peptide medication delivery. Divalent metal 
ions are necessary for the action of membrane-bound 
enzymes like aminopeptidase N and luminal-secreted 
enzymes like the pancreatic proteases A and B. By chelat-
ing the polycations, polymers have inhibitory effects on 
these enzymes. This inhibitory action can be further 
enhanced against pancreatic peptidases [92] and amin-
opeptidase N [93] by attaching cysteine to polycarbophil. 
Szilagyi et. al., developed thiolated poly(aspartic acid) 
derivatives through oxidant-free disulfide formation for 
ophthalmic drug delivery. The prepared thiolated com-
position and mucin showed excellent chemical interac-
tion, suggesting mucoadhesive properties. The biological 
safety of the polymers was confirmed on kidney cells, 
showed protective effect and regulated release suggested 
efficacy higher than conventional dosage form. These 
results ultimately suggested that developed biopolymers 
for ophthalmic drug delivery with safety and efficacy [94].

Permeation enhancement
The paracellular absorption of many hydrophilic medica-
tions is restricted in non-invasive drug administration by 
the absorption barrier, which is represented by the mem-
branes of epithelial cells joined by tight junctions. The 
immobilisation of thiol groups can greatly improve the 
permeation-enhancing capabilities of polymers. When 
compared to unmodified polycarbophil without corneal 
injury, polycarbophil-cysteine demonstrated 2.4 times 
better dexamethasone phosphate penetration in vitro in 
ocular drug administration [95]. Thiolated β-cyclodextrin 
has the potential to enhance mucoadhesive and per-
meation enhancing properties on ocular mucosa. The 
results suggested that synthesized modified biopolymers 
were biocompatible against blood cells through haemo-
lytic assay with no corneal irritation within the tested 

duration. Moreover, thiolated β-cyclodextrin exhib-
ited 5.3 fold improved aqueous solubility, compared 
to unchanged β-cyclodextrin. Additionally, thiolated 
β-cyclodextrin enhanced the permeation of drug by 
9.6-, 7.1-, and 5.3- fold on conkunctiva, sclera, and cor-
nea, respectively, suggesting the thiolated β-cyclodextrin 
might be a promising auxiliary agent for ocular drug 
delivery [96].

Uptake enhancement
It has been demonstrated that polymers, such as polyeth-
ylenglycol and derivatives [97], or pluronic block copoly-
mers [98] can suppress P-gp activity without causing any 
adverse effects. Using rhodamine-123 as a representative 
P-gp substrate, the thiomer chitosan-TBA’s P-gp-inhib-
iting action was recently shown during in  vitro study. 
While verapamil 100  µM, which is known to function 
as a P-gp inhibitor, enhanced the absorptive transport 
by only 71% [99]. Chitosan-TBA 0.5% (w/v) in conjunc-
tion with GSH 0.5% (w/v) resulted in a threefold increase 
in the absorptive absorption of rhodamine-123. Using 
the same substrate and thiomer in the form of solid oral 
drug-delivery devices, Foger and associates could validate 
these results in vivo in rats [100].

Controlled drug release
Delivery methods with sustained release are necessary 
for many medications, particularly those with potent 
pharmacological effects, to maintain a steady plasma 
level and prevent adverse effects brought on by peaks or 
depths in the plasma level. The stability of thiomer matri-
ces is significantly enhanced on formation of disulphide 
bond within the thiolated polymers, ensuring a drug 
release over several hours. Diffusion, which results from 
the swelling characteristics of the thiomer matrix, ionic 
interactions in between thiomer and drug, and the drug’s 
solubility coefficient in general are trigger mechanisms 
for release [101].

Fig. 10  Synthesis of preactivated thiomer
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Formulation of thiomer or modified 
thiomers‑based nano‑medicine in management 
of ocular infections
Drug delivery based on ocular nanotechnology is a spe-
cialized technique that uses nanoscale carriers or systems 
to precisely deliver therapeutic drugs to the eye. These 
carriers improve stability and solubility, extend release, 
lessen side effects, and deliver drugs to the intended loca-
tion. Over the past 20 years, this method has drawn inter-
est for its capacity to improve drug bioavailability and 
overcome ocular obstacles. Nanoparticles (NPs), both 
organic and inorganic, provide an innovative approach 
to achieve therapeutic needs, notably in the ocular disci-
plines, with a notable enhancement in drug delivery. As 
a result, Numerous compositions of nanoparticles have 
been developed, including lipid-based nanoparticles, 
nanosuspension, nanoemulsion, and metal-based nano-
particles [102].

Polymeric nanoparticles
NPs are tiny particles that range in size from 1 to 
1000 nm. They can be composed of a number of different 
materials, such as metals (like gold or silver [103–114]), 
polymers [10], lipids [9, 12, 115–117], ceramics [118], 
and other substances. Nanocarriers like nanoparticles 
offer a wide range of uses in ophthalmology because they 
can transport ocular drugs to precise target areas. The 
production of NPs involves the use of various biodegrad-
able polymers, including poly (lactic acid). A variety of 
natural polymers, including albumin, chitosan, gelatin, 
sodium alginate, and poly (epsilon-caprolactone), poly 
(alkyl cyanoacrylate), and poly (lactic-co-glycolic acid), 
can help deliver medications to the tissues of the eyes. 
Chitosan-based NPs degrade fast until combined with 
multivalent anionic substances like sodium sulphate or 
alginate, which triggers an ionic cross-linking mecha-
nism that stabilizes the system [119]. However, since 
disulphide bonds develop inside the polymeric network, 
thiolated chitosan-based NPs do not disintegrate, result-
ing in controlled drug release and robust microparticle 
stabilization. When multivalent anionic chemicals are 
added to thiolated chitosan-based NPs, the mucoadhe-
sion properties are greatly increased over chitosan due to 
the immobilization of thiol groups on chitosan [120].

A modified form of thiolated chitosan, thiolated chi-
tosan-sodium alginate NPs (TCS-SA NPs) showed good 
in  vitro cytocompatibility and increased drug delivery 
into HCE cells in  vitro and cornea in  vivo, suggesting 
good potential for ocular drug delivery [113]. TCS-SA 
NPs had a high degree of thiol substitution of TCS up 
to 1,411.01 ± 4.02  μmol/g. The thiolated chitosan-based 
nanoparticulate prulifloxacin in  situ gel, which had a 

mean particle size of 16 nm and an 80% drug entrapment 
efficiency, demonstrated a pH of about 7.2 ± 0.2, good 
mucoadhesion qualities, non-irritability, and prolonged 
drug release across the cornea.

Hydrogel
Three-dimensional hydrophilic polymeric networks, or 
hydrogels, can be made with a variety of natural and syn-
thetic hydrophilic polymers, such as hyaluronic acid, pol-
yvinyl alcohol, and chitosan [121]. Hydrogel are mainly 
used in Ocular drug delivery because its viscous nature 
offers a relatively extended retention of trapped medica-
tions at the application location while their transparency 
reduces blurring of vision [122]. At the beginning of the 
2000s, researchers created a thiolated hyaluronic-based 
hydrogel using air and hydrogen peroxide oxidation 
[123]. Disulphide bridges can be formed between hyalu-
ronic acid chains by oxidation or thiol-disulfide exchange 
events. Numerous research groups have thoroughly 
examined the strategies for producing in  situ gelling 
hydrogels without the addition of any adjuvant or cross-
linking agent [124]. Thiol-ene reactions have also been 
used to develop a variety of biocompatible cross-linked 
hydrogels based on HA, either by radical-initiated reac-
tions or nucleophilic processes, including Michael addi-
tion reactions with vinyl sulfone or acrylates [125].

Shorter gelation times are optimal for preventing medi-
cine loss from the ocular surface [126]. A thiolated car-
boxymethyl hyaluronic acid-based veterinary eye drop 
formulation was created to enhance medication and cell 
transfer, offer local lubrication, and treat corneal ulcers. 
In tests on dogs and cats, these hydrogels showed that 
wounds healed in 7–13  days. Combining HA hydrogel 
with growth factors can encourage the migration and 
proliferation of cells, which will enhance the repair of 
eye injuries. Moreover, antibiotics can be delivered via 
HA-based hydrogel [127]. Thiolated cyclodextrins also 
participate in photo-initiated thiolene reactions with 
diallyl-PEG. Because of the hydrogel’s poor hydrophilic-
ity and high cyclodextrin ratio, the hydrogels with the 
shortest PEG chain length were able to contain the most 
puerarin, a glaucoma drug. Despite an early burst release, 
the medication was released consistently [128].

Dendrimers
Dendrimers are three-dimensional, globular, branched, 
tree-like macromolecules with a central core where a 
drug can be conjugated, encapsulated, or trapped, have 
been applied for the entrapment and subsequent delivery 
of oligonucleotides, hydrophilic and hydrophobic drugs. 
Both anionic (polycarbophil, carboxymethylcellulose, 
alginates) and cationic (chitosan, polyasprtamide) poly-
mers have been used to synthesise and analyse a variety 
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of thiomers, with varying degrees of success [129]. How-
ever, the thiomers now available have a limited thiol con-
tent (up to one mole of thiol per mole of polymer), which 
may mean that a high polymer content in the unit dos-
age form is required to obtain acceptable covalent type 
adhesion [170]. Cysteine, a thiol-introducing ligand, and 
anionic dendrimers (G3.5 PAMAM) are used to create 
the thiolated dendrimers. The impact of the cysteamine 
molar ratio on the conjugate’s synthesis, infrared analy-
sis, and intrinsic properties like thiol and disulphide con-
tent, as well as the influence of pH on these properties, 
are all thoroughly assessed and examined. Recent clini-
cal product, Puerarin eyedrops (1%, w/v) demonstrated 
a brief residence period, low ocular absorption, and low 
bioavailability. When used in puerarin formulations, 
PAMAM dendrimers (0.2%) demonstrated acceptable 
toxicity and enhanced permeability on excised cornea 
[130]. PAMAM dendrimers were used to administer 
dexamethasone to the cornea using iontophoresis. Com-
plexed with G3.5 and G4 dendrimers, dexamethasone 
had better solubility, allowing better corneal transport 
and longer aqueous humour retention. PAMAM den-
drimers’ enhanced penetration effect was also responsi-
ble for this efficiency boost, demonstrating its suitability 
as a topical medication delivery tool for the eye [131].

Liposome
Liposomes are bilayered lipid vesicles made of cholesterol 
and phospholipids that can entrap either or both hydro-
philic and hydrophobic medicines. They have a central 
water compartment width of 0.025 to 10  µm. Thiomers 
have demonstrated several encouraging characteristics 
for drug administration, such as improved permeabil-
ity, inhibition of the efflux pump, inhibition of enzymes, 
and mucoadhesion [132]. Liposomes coated with "S-pro-
tected thiomers" to improve their penetration and efflux 
pump inhibitory properties that are durable against oxi-
dation [133]. The feasibility of developing liposomes 
coated with the multifunctional polymer PAA-Cys (poly 
(acrylic acid)-cysteine) was investigated. Both cationic 
submicron liposomes and cationic multilamellar vesicles 
were developed and coated with PAA-Cys. These carriers’ 
dimensions, zeta potential, quantity of free thiol groups, 
aggregation behaviour, drug loading, and drug release 
were all investigated. The results demonstrated that pro-
ducing PAA-Cys-coated liposomes is feasible and that 
they satisfy the essential requirements for stability, drug 
loading, and dispersion for an intended use in oral drug 
administration [134]. A study reported that the PC-based 
liposomal system was integrated into a deacetylated gel-
lan gum-based gel formulation to deliver timolol maleate 
in a hybrid formulation. According to ex  vivo permea-
tion measurements conducted on isolated rabbit corneas, 

the liposomal system’s apparent permeability coefficient 
increased by 1.93 times. Additionally, the hybrid system 
doubled the length of the therapeutic impact in rabbits 
compared to solution-based formulations, and it dem-
onstrated superior efficacy and improved the retention 
time of liposomes on the corneal surface by up to 10 min. 
These findings show that liposome-based hybrid DDS is 
successful in the treatment of anterior eye disorders.

Nanosuspension
Nanosuspensions (NSs) are made up of stabilisers and 
pure drug nanoparticles with an average diameter of 
less than 1 µm (usually between 200 and 500 nm). They 
can be made in liquid phases that are either aqueous or 
non-aqueous, improving the solubility of drugs in both 
organic and salty environments [135]. NSs are a flex-
ible way to enhance the administration of hydrophobic 
medications and have the potential to improve the effec-
tiveness of medicines that are not highly water soluble, 
especially those derived from natural sources. A vari-
ety of production techniques are employed, including 
top-down techniques like co-grinding, high-pressure 
homogenisation, wet milling, and dry milling, as well as 
bottom-up techniques like anti-solvent precipitation, 
liquid emulsion, and sono-precipitation. NSs in ocular 
DDSs allow for the delivery of higher amounts of poorly 
soluble drugs while also increasing residence time in the 
cul-de-sac [136]. Research showed that diclofenac-loaded 
cationic nanosuspension made of chitosan and methoxy 
poly (ethylene glycol)-poly (ε-cap rolactone) di-block co 
polymer was effective in treating ocular irritation. In an 
albino rabbit model, the polymeric nanosuspension dem-
onstrated twice the area under the curve and a greater 
Cmax in aqueous humour, indicating improved bioavail-
ability. The chitosan-coated NSs demonstrated improved 
corneal penetration and retention in the in vivo corneal 
penetration test with no irritation in the eyes. Further-
more, after 24 h, the NSs remained extremely stable in an 
aqueous humour solution [137]. Amikacin’s ocular bio-
availability was increased using a polymeric NSs combin-
ing Eudragit® RL 100 and Eudragit® RS 100 to effectively 
treat anterior eye Staphylococcus aureus infections. In 
addition, a combination moxifloxacin and pamoic acid 
nano solution developed using an ion pairing process 
with mucus penetrating characteristics was investigated 
for the treatment of bacterial keratitis. The results of the 
pharmacokinetic study showed that the drug was dis-
persed uniformly throughout the tissues of the anterior 
eye, including the aqueous humour [138]. Moreover, to 
treat fungal keratitis, a quasi-emulsion solvent evapora-
tion technique was employed to produce Eudragit® RS 
100, a voriconazole-based NSs. N-methyl-2-pyrrolidone 
(Pharmasolve®) was added to the formulation to increase 
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ocular permeability. The solution greatly reduced the 
development of Candida albican and shown good ocular 
permeability [139].

Microemulsions and nanoemulsions
Microemulsions are colloidal dispersions of water/oil 
or oil/water that are thermodynamically stable and sta-
bilised by a surfactant [140]. Although the formulation 
components of micro and nanoemulsions are identical, 
their stability is different. Nanoemulsion is thermody-
namically unstable, whereas microemulsion is thermo-
dynamically stable [141]. The use of microemulsions and 
nanoemulsions for ocular medication administration is 
becoming more popular due to associated advantages 
with their high surface area and small droplet size. High 
drug solubility, non-irritating properties, enhanced cor-
neal permeability, enhanced bioavailability, extended 
shelf life, ease of formulation, and the capacity to give 
both hydrophilic and hydrophobic medications are 
some of these advantages [142]. Research showed that 
a mucoadhesive nanoemulsion of cyclosporine A was 
developed and modified utilising the pseudo-ternary 
phase diagram in order to improve the retention and 
bioavailability of cyclosporine A in treating ASED, such 
as corneal allograft rejection and DED. Gamma scintig-
raphy study revealed that the nanoemulsion was gradu-
ally eliminated from the ocular surface. Additionally, the 
drug’s concentrations in the cornea and conjunctiva were 
within therapeutic levels for the whole day. The chitosan-
coated nanoemulsion of cyclosporine A shows potential 
in treating immunologically associated anterior eye dis-
eases due to its improved biodistribution and sustained 
contact with the ocular surface [143].

Native/modified thiomers‑based drug delivery 
system in management of ocular complication
Thiomers, which are modified polymers containing thiol 
groups, have emerged as promising materials for ocular 
drug delivery systems. These thiolated polymers can form 
covalent disulfide bonds with mucin on the ocular sur-
face, enhancing mucoadhesion and prolonging the reten-
tion of drug formulations. This property is particularly 
beneficial for managing ocular complications such as dry 
eyes syndrome, where thiomers can stabilize the tear film 
and improve drug bioavailability. Thiomers can be used 
in fabrication of various delivery systems, including eye 
drops and ocular inserts that has shown good tolerance 
and stability in clinical studies. Thus, by improving drug 
retention and release profiles, thimers offer a poten-
tial solution to overcome the challenges associated with 
traditional ocular drug delivery methods, such as short 
drug retention times and low bioavailability. The applica-
tion of native/modified thiomers-based formulations in 

management of various ocular complications have been 
elaborated below.

Cataract
A cataract is a region of the eye’s lens that becomes 
clouded and reduces vision. Nanomedicine formulations 
have been investigated to improve the bioavailability, 
biocompatibility, and biodegradability of anti-cataract 
medications. When curcumin was encapsulated in PLGA 
nanoparticles for systemic delivery, the oral bioavailabil-
ity of the medication was nine times higher than that of 
free curcumin. Lutein can be loaded into a nanoemulsion 
using Labrasol®, a non-ionic surfactant excipient. This 
type of nanoemulsion has a shorter lag time and twice 
as much cellular accumulation as free lutein. It has also 
been found that liposomes are an effective formulation 
for cataract prevention. For example, vitamin E-contain-
ing liposomes made of dipalmitoyl phosphatidylcholine 
and dioleoyl phosphatidylcholine were found to reduce 
the development of cataracts in a rat model. Moreover, 
cytochrome C-loaded freeze-dried liposomes shown 
notable effectiveness in delaying the development and 
advancement of cataracts in rats [144].

Glaucoma
Damage to the optic nerve is a common feature of glau-
coma, a group of eye disorders. Among the active ingredi-
ents used to treat glaucoma include rho-kinase inhibitors, 
β-blockers, α-agonists, prostaglandin analogues, and 
carbonic anhydrase inhibitors. Comparing pilocarpine-
containing poly (butyl cyanoacrylate) nanospheres to 
conventional pilocarpine solutions was the first inves-
tigation into the use of nanomedicine formulations to 
treat glaucoma. Liao et al. developed pilocarpine-loaded 
gelatin-covered mesoporous silica nanoparticles (p/GM) 
in order to achieve a sustained drug release. By adjusting 
its thickness on the mesoporous silica NPs, the gelatin 
coating was managed. The results showed that pilocar-
pine may be released in a high-concentration (~ 50%) 
and long-lasting (up to 36  days) form at p/GM0.05, or 
0.05  mg of gelatin coating per mg of NPs, enabling the 
maintenance of normal intraocular pressure for up to 
21 days [145]. Glaucoma, a group of eye disorders, often 
causes damage to the optic nerve. Antiglaucoma medica-
tions like β-blockers and carbonic anhydrase inhibitors 
are encapsulated in chitosan nanoparticles, which have 
shown effectiveness in lowering intraocular pressure. 
Additionally, a formulation of latanoprost in long-lasting 
unilamellar liposomes has been fabricated. A formula-
tion of long-lasting unilamellar liposomes for the deliv-
ery of the prostaglandin derivative latanoprost (Xalatan®) 
was reported by Natarajan et al. A single subconjunctival 
injection of liposomes containing latanoprost was found 
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to lower intraocular pressure for up to 120 days. A sec-
ond injection was given, and over another 180 days, the 
IOP decreased even more [146].

Age‑related macular degeneration
AMD is a complicated ocular condition marked with a 
loss of progressive central vision brought on by neovas-
cular and degenerative changes in the macular region, 
which gives the posterior part of the eye its central and 
crisp vision. The most common treatment for AMD is 
anti-vascular endothelial growth factor (anti-VEGF) 
medications, while additional treatments include photo-
dynamic therapy, transpupillary thermotherapy, radia-
tion, and retinal translocation [147]. Currently, Eylea® 
(aflibercept), Lucentis® (ranibizumab), and Avastin® 
(bevacizumab) are the three most often used anti-VEGF 
drugs. Ranibizumab is a small portion of an antibody 
against VEGF-A, whereas bevacizumab is a full anti-
VEGF-A immunoglobulin. The two primary components 
of the distinct recombinant fusion protein Aflibercept are 
the extracellular domains of human vascular endothe-
lial growth factor receptor-1 (VEGFR-1) and VEGFR-
2, which make up VEGF-binding areas. By binding to 
placental growth factor, VEGF-A, or VEGF-B, afliber-
cept can decrease angiogenesis. Intravitreally deliver-
ing anti-VEGF medications to the retina reduces dosage 
requirements and circumvents systemic administration’s 
negative effects. Several liposome formulations, includ-
ing PEGylated cationic liposomes, vector–mediated 
liposomes, and peptide-modified PEGylated liposomes, 
are presently being investigated for the treatment of 
AMD [148]. Tavakoli et  al. synthesized sunitinib-loaded 
liposomes which inhibit the tyrosine kinase of vascu-
lar endothelial growth factor receptors, hence blocking 
the neovascularisation signalling cascade. They demon-
strated that sunitinib could be efficiently transported by 
liposomes with a mean size of 104 nm and released for up 
to three days [149].

Diabetic retinopathy
An eye consequence of diabetes is known as DR. It is 
characterized as microvascular condition that damages 
blood vessels and light-sensitive retinal structures, caus-
ing capillary blockage. Corticosteroids, AGE inhibitors 
like carnosine, and antioxidants are common medica-
tions used to treat diabetic retinopathy. It has been inves-
tigated to administer these medications to treat DR using 
polymeric nanospheres. High drug encapsulation rates in 
polyvinyl alcohol, poly (methyl methacrylate), chitosan, 
and PLGA nanospheres prolong the duration of free 
drug residence. DR is commonly treated with liposome 
formulations mostly based on biodegradable lipids, such 
as phospholipids, ceramides, and glycerides. Entrapping 

drugs in a dendrimer network made up of functional 
groups can facilitate long-term drug delivery to the retina 
[150].

Atopic dermatitis
When evaluating keratoconus or glaucoma, ophthalmol-
ogists performing corneal refractive surgery must con-
sider the control group (523.45 ± 18.3  µm). Researcher 
looked at the impact of AKC onset on the ocular surface 
in a study. The result demonstrated that the more severe 
the AKC-induced damage to the ocular surface epithe-
lium, the earlier it starts and the longer it persists. For 
AKC patients whose illness began in childhood, con-
junctival squamous metaplasia, goblet cell loss, tear film 
instability, and epithelial degradation were markers of 
worse prognosis [151].

Toxicological reports on thiomer‑based 
nanomedicine in the management of ocular 
complications
The study evaluated the cytotoxicity and biocompatibility 
of unmodified sodium alginate and newly produced from 
scratch sodium alginate (SA-cys) using L-929 murine 
fibroblast cells. The cells treated with active components 
showed that SA-cys and unmodified sodium alginate 
exhibited comparable levels of biocompatibility and cyto-
toxicity [65]. In another study, RPE cell cultures exposed 
to NXM3 blank and NXM3 MXF-loaded NPs suggested 
that the number of MXF-loaded NPs in the culture media 
did not substantially impact the cell survival. Following 
24 h of incubation, > 80% of cells were still alive, with no 
distinct changes in cell shape under a microscope. The 
findings indicated that the prepared product were not 
toxic to RPE cell cultures, a crucial requirement for bio-
medical applications [152].

Preclinical and clinical aspects
The in  vivo trans corneal behaviour of medicines in 
rabbit eyes was observed using an inverted fluores-
cence microscope. The rabbit eyeballs were sectioned 
vertically along the sagittal plane after euthanasia. 
The findings demonstrated that ocular medication 
penetration was considerably enhanced by surface-
modified nanostructured lipid carriers (NLCs) coated 
with chitosan-N-acetylcysteine (CS-NAC). Compared 
to chitosan-coated NLCs (CH-NLCs), CS-NAC NLCs 
showed greater fluorescence intensity and deeper pen-
etration across the cornea, exhibiting the greatest green 
fluorescence, which shows that there is the medica-
tion, in the corneal epithelium. These results suggested 
that NLCs treated with CS-NAC enable more efficient 
drug delivery across the ocular barrier [153]. In com-
parison to the unmodified polycarbophil, penetration 
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of dexamethasone phosphate and sodium fluorescein 
increased by 2.2 and 2.4 times, respectively, in the 
rabbit cornea treated using polycarbophil–cysteine, 
according to in  vitro research. Rabbit corneas showed 
no signs of toxicity. Because of the thiomers’ in  situ 
gelling and mucoadhesive qualities, the formulation 
remains in place for a longer amount of time, which 
leads to a longer duration of drug absorption. The 
integrated medicines’ bioavailability will be further 
enhanced by their permeation-enhancing qualities 
[154].

Clinical investigations on this unique class of polymers 
have been conducted in large numbers, demonstrating 
the use of thiomers. Researchers have advanced from 
employing numerous animal models in vitro and in vivo 
investigations to examine on humans. Hornof and his 
associates set out to develop a thiolated poly (acrylic 
acid) ocular insert that could regulate the administra-
tion of eye medications. They also aimed to evaluate this 
insert’s efficacy in  vivo. The study assessed the inserts’ 
in vitro medication release, water absorption, and swell-
ing behaviour. In  vivo experiments using fluorescein 
were used to investigate the substance’s tolerability and 
release properties in human subjects. According to the 
study, thiolated polyacrylic inserts showed a regulated 
release of fluorescein and sustained a high concentration 
on the surface of the eye for more than eight hours. This 
implies that the altered inserts might be a good choice 
for delivering drugs into the eyes [155]. In two cohorts 
of 18 healthy participants, a clinical trial evaluated the 
safety and tolerability of eye drops containing chitosan-
N-acetylcysteine at different doses for treating dry eye 
syndrome. With just two incidences of conjunctival red-
ness and one case of moderate epithelial keratitis, the 
eye drops showed a good safety profile [156]. To deter-
mine how well Lacrimera (chitosan-N-acetylcysteine) 
eye drops treat moderate-to-severe dry eye illness is a 
real-world clinical situation, Nepp and his colleague car-
ried out a clinical trial. The main goal was to evaluate 
treatment’s progress results. Twenty-five subjects who 
received treatment using Lacrimera were the subject of 
a retrospective analysis in this study. After a month of 
treatment, the results showed a discernible improvement 
in Schirmer’s score and tear breakup time. The propor-
tion of patients who had intact corneas increased signif-
icantly, from 12 to 64%. 29% of patients said Lacrimera 
was helpful in reducing their symptoms, the study found. 
For at least a month, the drops were judged to be both 
safe and successful in treating dry eye condition [211]. 
Research by Durie et al. investigated the safety and effi-
cacy of a crosslinked thiolated carboxymethyl hyaluronic 
acid liquid-gel ocular bandage for promoting reepithe-
lialisation in corneal defects following photorefractive 

keratectomy. The results showed that the gel significantly 
reduced the reepithelialisation period and was well toler-
ated by the patients [157].

Challenges in fabrication of native/modified 
thiomer‑based nanomedicine for its ocular 
applications
Drug absorption is constrained by the protective layers 
in eyes, including the retinal barrier, corneal epithelium, 
or tear film. One of the biggest challenges is creating 
thiomer-based carriers that can successfully get through 
these barriers without endangering ocular safety. In order 
to improve permeability while preserving compatibil-
ity with ocular tissues, sophisticated engineering tech-
niques are needed [158]. Because thiomers are known 
to be mucoadhesive, they stay on mucous membranes 
including the surface of the eye—for longer. Finding the 
perfect balance between adhesion and avoiding toxicity 
or pain can be challenging, despite the fact that this trait 
is beneficial for prolonged drug administration. Although 
pre-activated thiomers with improved adhesion qualities 
show promise, controlling their interactions with the tear 
film and mucous layer remains difficult. According to the 
report, more investigation is required to improve these 
interactions for improved treatment outcomes. Thiom-
ers face significant challenges with cost-effectiveness 
and scalability, despite their potential for a variety of bio-
medical applications. Many thiomer-based formulations 
can be challenging to create on a big scale because they 
require sophisticated stabilizing and synthesizing meth-
ods. Additionally, the fabrication method must maintain 
the stability and efficacy of these compositions while 
controlling manufacturing costs. The complexity of the 
synthesis and the need for precise quality control make it 
challenging to scale up thiomer manufacture, which may 
limit their widespread clinical use [159].

Regulatory aspects and Patents
The USFDA, the European Medicines Agency, and 
national medical agencies in Europe are among the 
responsible agencies that address patient safety, effi-
cacy, and quality resulting from the use of nanomedi-
cines [160]. The potential effects on the environment 
during manufacturing, after use, and after disposal. 
The FDA is having difficulty developing a criterion to 
guarantee the safe and effective development of nano-
products, whether they be drugs, devices, or biolog-
ics, because they lack the data necessary to assess the 
safety to humans and the environment. In response to 
complaints regarding their lack of regulation of nano-
particles, the FDA published a first draft guidance in 
June 2011. However, a definitive guidance document 
for nanoparticles in medicine has not yet been created. 
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Various addition and omission criteria are there based 
on habitat-related consequences for the evaluation of 
medicinal items in the USA and the EU. All applica-
tions for marketing authorization in the EU must go 
through a pre-screening phase that includes a prelimi-
nary estimate of the anticipated ecological concentra-
tion of water present on the surface, with a permissible 
confine of 0.01 ppb, and an environmental risk assess-
ment [161]. Therefore, no more steps are taken for the 
product’s environmental risk assessment is considered 
valid if the estimated environmental concentration is 
below this and no other environmental concerns are 
present. Unless they are exempt, the FDA in the USA 
uses an environmental evaluation for new medication 
applications; however, an exemption cannot be granted 
in case the predicted concentration in the environment 
is greater than 1 ppb.

A US patent (US20230056811A1) outlines a mucoad-
hesive system that uses preactivated thiomers to improve 
drug retention in the eye. This invention offers mucoad-
hesive solid or semisolid ocular delivery systems and is 
related to the field of ophthalmic formulations. Based on 
a matrix of preactivated thiomers, the invention’s delivery 
techniques are best suited as ocular films or inserts. The 
invention’s delivery systems help to deliver drug to the 
eyes to address conditions including glaucoma and dry 
eye, among others. The invention’s distribution methods 
can also be applied to treat eye disorders [162].

Conclusion
Thiomer-based nanomedicines have much potential 
for ocular medication delivery because they can solve 
many problems with traditional therapies. They are per-
fect candidates for treating various ocular disorders due 
to their unique characteristics, which include superior 
mucoadhesion, biocompatibility, and the capacity to 
increase medication absorption. The advancements in 
the use of thiomer and modified thiomer-based systems 
in the treatment of ocular issues, including diabetic retin-
opathy, cataracts age-related macular degeneration, & 
other eye-related diseases, are highlighted in this study. 
The findings of thiomer-based nanomedicine research 
have shown promising results in enhancing the results 
of treatment and providing a more efficient and patient-
friendly substitute for conventional techniques. Notwith-
standing the encouraging outcomes, more investigation is 
required to address current issues with their manufactur-
ing and regulatory approval procedures. Thiomer-based 
ocular drug delivery systems have a promising future 
ahead with ongoing advancements that should improve 
their effectiveness, safety, and clinical application, which 
will eventually improve patient care and quality of life.
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